SLOS is caused by mutations in the delta-7-dehydrocholesterol reductase (DHCR7) gene. 6 This gene is on chromosome region 11q13 and codes for the terminal enzyme crucial to cholesterol biosynthesis. There are at least 154 known mutations: IVS8-1G!C, T93M, and W151X are three of the most common. [6] [7] [8] [9] [10] Different mutations confer different phenotypes and prognosis, 11 and clinical phenotypes correlate reasonably well, albeit imperfectly with the ability of lymphoblasts to synthesize cholesterol.
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Carrier frequency of DHCR7 mutations is high. An Ontariobased study of 2,978 people found 24 carriers of IVS8-1G!C mutation. 5 Using the detected rate of IVS8-1G!C mutation in the general population and the frequency of IVS8-1G!C mutation found in individuals with SLOS, the estimated carrier frequency for all mutations is 1 in 30. 13 Given this high carrier frequency for DHCR7 mutation, we would expect SLOS to occur in 1:5,900 to 1:13,500 births. However, SLOS occurs in only 1:20,000 to 60,000 live births. 5 This suggests that SLOS may account for several stillbirths and early pregnancy losses since the prevalence is much lower than expected in the live birth population. Thus, our objective was to explore the frequency of SLOS mutations in well-characterized stillbirths.
Methods
This is a secondary analysis of the Eunice Kennedy Shriver 14,15 For this analysis, only stillbirths were included. Stillbirths were defined as births at or after 20 weeks' gestation with Apgar scores of 0 at 1 and 5 minutes and no signs of life on direct observation. Fetal deaths at 18 or 19 weeks' gestation without good dating criteria were also included to ensure all potential cases at or after 20 weeks' gestation were studied. Gestational age was determined using data from assisted reproductive technology, first day of last menstrual period, and ultrasound.
14 Deliveries resulting from termination of a live fetus were excluded. The study was approved by the institutional review boards of each clinical site and the Data-Coordinating and Analysis Center, and all mothers gave written informed consent. For this analysis, participants with stillbirth due to obstetric complications, infections, or aneuploidy were excluded. Cause of stillbirth was determined using the Initial Causes of Fetal Death (INCODE) system. 16 Cases with only poor quality deoxyribonucleic acid (DNA) available were also excluded. As this was an exploratory study, there were no prespecified sample size calculations.
DNA was isolated from a section of placenta obtained from stillbirths and stored at-80°C as previously described (Parker methods). The extraction was completed using the PureGene DNA Purification System (Qiagen, Valencia, CA) per the manufacturer's protocols. Concentration and yield were determined using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). Samples were normalized to a standard concentration.
Primers were designed to amplify exons 3 to 9 of the DCHR7 gene. 5′ and 3′ flanking regions of each exon were also amplified to detect possible splice-site mutations. Exon 9 was amplified in two segments due to the size of the exon. Generally, 25 ng of DNA was amplified in a reaction containing 2.0 to 3.0 mM MgCl2, 0.2 mM dNTPs, 0.5uM of each primer, and 1.25 to 2.5 units of Amplitaq Gold (Life Technologies, Foster, City, CA). Amplification was done on an ABI 9700 thermal cycler (Life Technologies, Foster, City, CA) for 35 cycles at annealing temperatures between 55 and 60°C. After polymerase chain reaction, samples were purified to remove excess primers and enzymes prior to BigDye Terminator cycle sequencing. Cleanup was completed using ExoSap (Affymetrix, Santa Clara, CA). Samples were quantified by gel electrophoresis and PICO Green quantitation.
Samples underwent bidirectional cycle sequencing using the BigDye Terminator v3.1 kit (Life Technologies, Foster, City, CA) per manufacturer's protocols. Thirty nanograms of sample from each exon were combined with 4 pmoles of the exon specific primer. Both forward and reverse reactions were prepared. Samples were then purified using Agencourt AmpPure magnetic beads and manufacture's protocols (Beckman Coulter, Brea, CA). Fluorescent sequencing was completed on an ABI 3730XL capillary electrophoresis instrument (Life Technologies, Foster, City, CA). Samples were electrophoresed for 2 hours.
Sequences were analyzed using Sequencer 4.9 software (GeneCodes, Ann Arbor, MI). Variants were examined for exons 3 to 9 along with 20 base pairs 5′ and 3′ of the exon.
Results
There were 663 enrolled stillbirth pregnancies in the original cohort, of which 512 in 500 women had complete postmortem examinations. We then excluded 312 cases with a probable cause of death based on INCODE (obstetric condition, placental abnormality, fetal genetic/structural abnormality, infection, umbilical cord abnormality, hypertensive condition, other maternal medical condition), as well as five multiple gestations. Of the remainder, extracted DNA was of sufficient quality for 144 potential cases. Of these 144, 73 were white, 46 Hispanic, 17 black, and 8 of other race. Out of 144 stillbirths, 139 (97%) yielded informative DNA assays. Nine stillbirths of 139 (6.5%) had a single mutation in one allele in coding exons 3 to 9 of DHCR7 (►Table 1). These nine stillbirths with DHCR7 mutations included 4 of 73 (5.5%) white stillbirths, 3 of 46 (6.5%) Hispanic stillbirths, and 2 of 17 (11.8%) black stillbirths. One Hispanic case was a compound heterozygote for mutations in exons 3 to 9 of DHCR7; the remaining eight cases were single heterozygous mutations for the mutation and thus 
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would not be clinically affected. The one case of compound heterozygosity had no clinical or histologic features of SLO and was unexplained. There were no homozygous cases.
There were 15 apparently benign polymorphisms in exon 4 position 240 T77, including two homozygous cases. There were no cases of the most common mutation in Caucasians: IVS8-1G > C.
Discussion
Only 1 out of the 139 stillbirths with informative DNA analysis in women without noted cause of death by INCODE had two DHCR7 mutations, consistent with a possible SLOS diagnosis. Thus, the rate of SLOS based on mutation analysis was 0.7% in this stillbirth population. It is noteworthy that this case did not have any phenotypic features of SLOS.
This rate is less than what would be expected given the discrepancy in the rate among live births and the carrier frequency. The carrier frequency of SLOS mutations is 1/30 to 1/124 in European and North American populations, as high as 3.3%. There are several possible reasons for our findings. One is that the carrier frequency for DHCR7 is population dependent and less common than reported in some studies. A recent analysis from the 1,000 Genomes Project found a carrier frequency of only 1.01% in the general population instead of the previously reported 1/30 or 3.3%. 19 This frequency is more consistent with an SLOS disease frequency of 1/39,215 live births, which is consistent with what is often reported. The carrier frequency in our stillbirth population was 6.4% (1/15-1/16), which is higher than the previously reported 1/30. However, it is not clear how simply being a carrier for DHCR7 mutation would confer increased stillbirth risk.
Another possibility is that SLOS is associated with early pregnancy loss. Our study only evaluated late second and third trimester losses. Since SLOS is present in live births and in some cases is associated with mild phenotypes, we postulated it would be more likely to be associated with late gestation losses. To our knowledge, SLOS had not been systematically assessed in early pregnancy losses. The burden of SLOS mutations in early fetal losses between 10 and 20 weeks also remains unknown.
Prenatal diagnosis of SLOS is possible by using amniocentesis or chorionic villus sampling to assay DHCR7 mutations and 7-dehydrocholesterol and 7-dehydrocholesterol/cholesterol ratios. 20 This is typically done when SLOS is suspected based on abnormal findings on obstetric sonogram or in families with known mutations. In addition, low levels of unconjugated estriol on maternal serum marker screen are associated with an increase in the risk for SLOS. 21 Amniocentesis or chorionic villus sampling (CVS) can be used to test for elevated levels of 7-dehydrocholesterol due to deficient DHCR7. 6, 20, 22 CVS has been used to evaluate DHCR7 activity in vitro. 23 If there is a known familial DHCR7 mutation, this can be tested by amniocentesis or CVS as well. 24 However, population-based diagnostic testing is not realistic given the selective population currently undergoing amniocentesis and CVS. It would be possible to evaluate early pregnancy loss specimens for genetic evidence of overrepresented mutations of the DHCR7 gene. As the cost of widespread screening decreases, assessment of more asymptomatic people will clarify the true rates of DHCR7 mutations and associated phenotypes. A limitation of our study is the small sample size. We were only able to screen a limited number of cases due to the expense of targeted gene sequencing. Accordingly, we cannot give precise estimates of the contribution of SLOS to stillbirth other than to state that it is sporadic and does not appear to be common in unexplained stillbirth. In addition, our population tested may be genetically different from these previously reported groups. Rates of SLOS and DHCR7 mutations vary by race and ethnicity. 5, 13 We assessed a range of races and ethnicities including a large number of non-Hispanic whites (with the highest rate of mutations) in this exploratory study. Also, there may have been some bias in which cases had samples with high-quality DNA, or SLOS may have been present in cases that were apparently "explained." Finally, it would be ideal to assess contemporaneous controls (live births) for DHCR7 mutations. Our study has several strengths as well. It is the largest number of stillbirth cases to be systematically evaluated for SLOS mutations (MEDLINE search). Cases of stillbirth were well characterized and those with clear indications were excluded. Our cases were ethnically and racially diverse and SLOS genes were comprehensively evaluated.
Although sporadic stillbirths are associated with SLOS,
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our data detected homozygous mutations consistent with SLOS in only 0.7% of stillbirths. This does not support a strong association between unrecognized DHCR7 mutations and stillbirth. Our data do not support routine genetic testing for SLOS as part of a routine evaluation for stillbirth, unless there are clinical features concerning for SLOS.
Note
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